the extended conformation (12) ], and the sheath length of 5 of 7 structures matches the length of a fired MAC (table S2) .
We averaged 20 and 25 subtomograms of MACs in the "extended" (Fig. 4P , movie S6) and "contracted without tube" (Fig. 4Q , movie S7) states, respectively. Averages of subtomograms show the different sheath diameters, helical surface ridges on contracted sheath (ridges indicated in Fig. 4K ), baseplate symmetry and tail fibers in longitudinal (Fig. 4 , J and O) and cross-sectional views (Fig. 4 , F to I and K to N). In both the extended and contracted forms twelve fibers emerge from the baseplate, cross paths, and separate to meet at the ring-shaped vertices of the hexagonal net surrounding individual MACs (Fig. 4R , movie S8). We speculate that six of the tail fibers originate from a single MAC, with the remaining six fibers stemming from neighboring MACs to connect the array (Fig. 4 , P to S, orange). This six-tail fiber per MAC model ( Fig. 4S) is supported by the fact that the two arms of a phage tail fiber have a length ratio of 1:1 (23) and that the length is similar to the tail fiber connections in MACs (fig. S10). The model also predicts the presence of an as-yet-unidentified protein that forms the hexagonal net. A set of six tail pins (Fig. 4P , red) face outwards. Because the tail pins are the most distal structure in the arrays, they are likely the first structure to engage and sense MAC targets.
We have shown that an ordered array of contractile phage tail-like structures produced by an environmentally occurring bacterium induces metamorphosis of a marine invertebrate larva. This discovery begins to explain how marine biofilms can trigger metamorphosis of benthic animals. Our data suggest that MAC arrays are synthesized intracellularly by P. luteoviolacea, released by cell lysis, and expand extracellularly into an ordered multi-MAC array. How these arrays engage with larvae of H. elegans is an open question. In the arrays imaged, all contracted MACs were clustered together, which suggests that their linkages might support cooperative firing. Array formation might also multiply the total payload delivered per interaction or favor specific engagement sites and/or geometries with MAC targets. The evolutionary pressure to produce MACs is probably strong, given that MAC production leads to the lysis and death of a subpopulation of cells. Whether this represents an instance of altruistic behavior that facilitates group selection, or a neutral lytic event with a set frequency remains to be determined. Although MAC production is beneficial for tubeworm larvae by inducing metamorphosis, it is currently unclear how larval settlement and metamorphosis might benefit the bacterium. It is equally possible that MACs evolved for a completely different purpose. Note that P. luteoviolacea has been found to induce the metamorphosis of coral and seaurchin larvae (24, 25) . Other bacterial species also induce metamorphosis of H. elegans larvae (8, 26, 27) , and mac-like gene clusters have been identified in the genomes of other marine bacteria (28) . Future research into how MACs interact with larvae might yield new insights into the mechanisms underpinning marine animal development and ecology, with potentially important practical applications for aquaculture and biofouling. a high-fidelity DNA double-strand break (DSB) repair process. Meiocytes initiate HR by producing proteins (namely SPO11) that create DSBs. In mice, 10% of the >200 induced DSBs are repaired as crossovers (COs), and the rest by non-crossover (NCO) recombination (1).
Aberrant homolog synapsis or DSB repair trigger checkpoints that eliminate defective meiocytes (2-4). Either defect causes apoptotic elimination of mouse spermatocytes at mid-pachynema of meiotic prophase I (5, 6). In contrast, loss of oocytes defective for both DSB repair and synapsis occurs earlier (within a few days postpartum) than those defective for synapsis alone (~2 months postpartum), suggesting that mammalian oocytes have distinct DNA damage and synapsis checkpoints (2, 7) ( fig. S1 ). Mutations preventing DSB formation (Spo11 and Mei1) are epistatic to those affecting DSB repair (2) . The DNA damage checkpoint acts around the time oocytes enter meiotic arrest (dictyate, or resting stage) and presumably persists, because resting primordial follicles are highly sensitive to ionizing radiation (IR) (8) .
We focused on checkpoint kinase 2 (CHK2) as a candidate component of the meiotic DNA damage checkpoint. It is a downstream effector of the ataxia telangiectasia mutated (ATM) kinase that responds primarily to DSBs and can also be activated by the ataxia telangiectasia and Rad3-related (ATR) protein kinase that responds primarily to single-stranded DNA (ssDNA) (9, 10) . Unlike Atm and Atr, Chk2 is dispensable for fertility and viability. To determine whether Chk2 is required for the meiotic DNA damage checkpoint, we bred mice doubly deficient for Chk2 and Dmc1, a RecA homolog required for interhomolog repair of meiotic DSBs (11) . Dmc1 deficiency also prevents synapsis, which is HRdependent. Whereas 3-week-postnatal wild-type or Chk2 −/− ovaries contain primordial through antral follicles (Fig. 1, A and B, and fig. S2 ), Dmc1 −/− ovaries are devoid of follicles (Fig. 1D) . Deletion of Chk2 enabled survival of developing oocytes in DMC1-deficient 3-week-old ovaries (Fig. 1, E and F). However, primordial follicles were absent, leading to a nearly complete oocyte depletion by 2 months postpartum (figs. S2 and S3). This pattern of oocyte loss resembles that of S1 ) (2), suggesting that Chk2 ablation compromises the DSB repair but not synapsis checkpoint.
To test this, we exploited an allele of Trip13 (Trip13 Gt ) that causes male and female meiotic failure. Trip13
Gt/Gt chromosomes undergo synapsis and CO formation but fail to complete NCO DSB repair (12) , causing elimination of the entire primordial follicle pool and nearly all developing oocytes by 3 weeks postpartum (Fig. 1G) , coinciding with the oocyte DNA damage checkpoint ( fig. S1) (12, 13) . Chk2 −/− Trip13 Gt/Gt ovaries had a large oocyte pool at 3 weeks postpartum (Fig. 1,   H and I, and fig. S2 ), and they retained high numbers of all follicle types after 2 months ( fig.  S3) , indicating that the rescue of surviving oocytes from checkpoint elimination was permanent or nearly so (see below). The rescue was not attributable to activation of an alternative DSB repair pathway during pachynema, a consideration because the Chk2 yeast ortholog MEK1 influences pathway choice (14) ; all dictyate Chk2 −/− Trip13 Gt/Gt oocytes (n = 54), like Trip13
Gt/Gt oocytes, exhibited abundant histone gH2AX staining, indicative of persistent unrepaired DSBs (versus 7% of Chk2 −/− dictyate oocytes; n = 45) (Fig. 2, A and B) .
Despite bearing DSBs into late meiotic prophase I, the rescued oocytes proved to be functional. All tested Chk2 −/− Trip13 Gt/Gt females produced multiple litters (Fig. 2C) . Litter sizes were smaller than those of controls (Fig. 2D) , attributable to fewer ovulated oocytes and implanted embryos ( fig. S4 ). Chk2 −/− Trip13 Gt/Gt females sustained fertility for many months, yielding four to seven litters each (Fig. 2C ) and over 160 pups collectively. Progeny showed no visible abnormalities up to 1 year of age (n = 28). The results suggested that all or most DSBs persisting into late meiosis were eventually repaired. Indeed, there was no evidence of persistent DNA damage (as indicated by gH2AX) in 2-month-old primordial, growing, or germinal vesicle stage preovulatory Chk2 −/− Trip13 Gt/Gt oocytes ( fig. S5 ). Thus, repair of DSBs occurred after birth by unknown mechanisms.
Canonically, CHK2 signals to p53 in mitotic cells. In Drosophila melanogaster, CHK2-dependent p53 activation occurs in response to SPO11-induced breaks (3). We therefore tested whether p53 deficiency could rescue Trip13
Gt/Gt oocytes. Three-week-old p53 −/− Trip13 Gt/Gt ovaries had significantly more oocytes than Trip13
Gt/Gt single mutants (Fig. 3, B and C, and fig. S2 ); however, they contained far fewer primordial follicles than Chk2 −/− Trip13 Gt/Gt ovaries at 3 weeks postpartum, and almost no oocytes remained after 2 months ( fig. S3 ). Therefore, CHK2-mediated elimination of Trip13
Gt/Gt oocytes does not occur exclusively via signaling to p53, indicating the existence of another downstream effector(s) that acts perinatally in primordial follicles. One candidate is p63, a p53 paralog. A predominant isoform called TAp63 (TA, transactivation) appears perinatally in late pachytene and diplotene oocytes, approximately coinciding with DNA damage checkpoint activation. Because TAp63 was implicated in the elimination of dictyate oocytes subjected postnatally to DSBcausing IR (15, 16) and it contains a CHK2 consensus substrate motif LxRxxS (L, Leu; R, Arg; S, Ser; x, any amino acid) (17), we speculated that CHK2 might activate TAp63 in response to DSBs. Indeed, whereas IR induces phosphorylation in wild-type ovaries (15, 16), TAp63 remained unphosphorylated in CHK2-deficient ovaries (Fig. 3D) . Moreover, mutating serine to alanine in the CHK2 phosphorylation motif in p63 also prevented IR-induced TAp63 phosphorylation in cultured cells (Fig. 3E) . We next tested whether CHK2 is required for the elimination of DSB-bearing dictyate oocytes, presumably via TAp63 activation. Whereas the entire primordial follicle pool was eradicated 1 week after IR treatment of wild-type ovaries, CHK2 deficiency prevented oocyte elimination despite the presence of p63 protein (Fig. 3F) . Furthermore, irradiated Chk2 −/− females remained fertile, with an average litter size (6.3 T 1.8, n = 7) similar to that of unirradiated controls (6 T 2.3, n = 3). If this rescue of fertility was due entirely to abolition of TAp63 activation, then deletion of TAp63 should also restore fertility to irradiated females. Previous studies (15, 16) found that p63 −/− and TAp63 −/− oocytes survived 5 days after 0.45 to 5 gray (Gy) of IR, but longer-term survival was not evaluated. We found that 0.45 Gy IR completely eradicated primordial oocytes after 7 days in females homozygous for a viable, TA domain-specific deletion allele of p63 (TAp63 -) (18, 19) , identical to wild type (Fig. 4, A and B) .
These results suggested IR-induced DSBs (and perhaps meiotic DSBs) stimulate CHK2 sig- naling to a protein(s) in addition to TAp63. Suspecting p53, we found that, whereas irradiated p53 −/− ovaries were essentially devoid of oocytes ( Fig. 4C) (15, 16) , p53 −/− TAp63 −/− oocytes (including those in primordial follicles) were rescued (Fig. 4D) to a degree similar to Chk2 mutants (Fig. 3F) . Irradiated p53 +/− TAp63 −/− (Fig. 4E) but not p53 −/− TAp63 +/− oocytes were partially rescued, indicating that CHK2 signals to both p53 and p63 and that they act in a partially redundant fashion to eliminate DSB-bearing resting oocytes. The marked effects of p53 haploinsufficiency, and the possible inconsistencies with earlier reports showing that deletion of p63 alone could rescue primordial follicles from IR over the short term, indicate that checkpoint responses may be sensitive to quantitative variation.
Because Chk2 but not p53 deficiency reversed Trip13
Gt/Gt female infertility, an outcome similar to the results with postnatal ovary irradiation, we hypothesized that the same DNA damage checkpoint was operative in both pachytene/ diplotene and dictyate oocytes. To test this, we first examined patterns of p53 and TAp63 activation in different genotypes of ovaries, with or without IR exposure. As expected for wild type, TAp63 phosphorylation and p53 stabilization and/or expression occurred only after exposure to IR (Fig. 4F) . Importantly, we observed p53 protein in unirradiated Trip13
Gt/Gt neonatal ovaries but not in wild type (Fig. 4F) , implying a role for p53 in the elimination of mutant oocytes with unrepaired meiotic DSBs (and consistent with partial rescue of Trip13
Gt/Gt p53 −/− oocytes; Fig. 3C ). Stabilization of p53 in response to unrepaired meiotic DSBs is CHK2-dependent, because we did not detect p53 in Chk2 −/− Trip13 Gt/Gt ovaries (Fig. 4F) . TAp63 was absent from neonatal Trip13
Gt/Gt ovaries bearing residual oocytes (Fig.  4F) . Normally, TAp63 appears in late meiotic prophase I, when meiotic DSBs have been repaired, and is robustly activated in resting oocytes in response to exogenous DNA damage (15, 16) . Nevertheless, the absence of TAp63 in Trip13
Gt/Gt oocytes predicts that it is not responsible for their death. Indeed, no oocyte rescue was observed in wean-age TAp63 −/− Trip13 Gt/Gt ovaries (Fig. 4I) . A potential explanation for TAp63 repression in Trip13
Gt/Gt oocytes was suggested by our observation (Fig. 4F ) that unphosphorylated TAp63 was present in Chk2 −/− Trip13 Gt/Gt ovaries lacking detectable p53. These results suggest a regulatory relationship between p53 and TAp63 in the meiotic DNA damage response.
The mutual exclusivity of TAp63 and p53 in Trip13
Gt/Gt oocytes gives insight into the failure of either single mutant to rescue fertility. We hypothesized that unrepaired DSBs that persist into late pachynema trigger CHK2-dependent p53 activation and oocyte elimination independent of TAp63 but that, in the absence of p53, TAp63 can be expressed and activated by CHK2 to drive oocyte elimination. This predicts that removal of both proteins would abolish the CHK2-dependent checkpoint. Indeed, we found that p53 heterozygosity could rescue TAp63
Gt/Gt oocytes (Fig. 4J ). This rescue included primordial follicles (Fig. 4J, inset ; nullizygosity for all three genes is embryonically semilethal). These and previous results with single mutants indicate that the DNA damage checkpoint pathway that monitors repair of SPO11-induced DSBs involves CHK2 signaling to both p53 and TAp63 and that this pathway also operates in postnatal resting oocytes ( fig. S6) .
A remaining question concerns the upstream activator(s) of CHK2. Canonically, ATM phosphorylates CHK2 in response to DSBs, whereas ATR responds to ssDNA by activating CHK1 (20, 21) . However, ATR and ATM have other activities in mouse meiosis. ATM negatively regulates SPO11, causing Atm −/− oocytes to sustain extensive DSBs and triggering elimination by the meiotic DNA damage checkpoint ( fig. S1 ) (2, 22) . Therefore, CHK2 is likely activated by a different kinase. Indeed, Chk2 deficiency rescued Atm −/− oocyte depletion ( fig. S7 ) to a degree similar to the rescue of DMC1-deficient ovaries. The facts that (i) CHK2 can trigger apoptosis in the (9), (ii) CHK2 can be activated in an ATR-dependent manner (10) , and (iii) ATR localizes to sites of meiotic DSBs in mice (23) prompt us to propose that the DNA damage checkpoint pathway in mouse oocytes involves signaling of ATR to CHK2, which in turn signals to p53 and TAp63 ( fig. S6 ). Additionally, spermatocytes may have a distinct DNA damage response pathway; we did not observe histological evidence for rescue of DSB repairdefective but synapsis-proficient spermatocytes by deletion of Chk2 or p53 ( fig. S8) .
Our results are of biomedical interest with respect to the primordial follicle pool depletion and premature ovarian failure that can occur after cancer radiotherapy or chemotherapy. CHK2 is an attractive target because chemical inhibitors are available, and Chk2 insufficiency is of minor phenotypic consequence in mice (24) .
